Abstract: Analytic determination of the 3D PSF of a tomosynthetic image volume allows us to solve the ill-posed inverse problem of recovering an image volume from a nonspeci c orientation of projection views. We apply a nonlinear iterative 3D technique with nonnegativity constraints to restore these inherently blurred images from tuned-aperture reconstructed volumes.
1 Problem and Approach Tomosynthesis 1] refers to a variety of relatively inexpensive reconstruction techniques that compute a 3D volumetric image representation from multiple 2D projections of an object. The advent of 2D solid-state digital detector arrays has helped spur a renewed interest in tomosynthesis for medical and other applications such as non-destructive testing. Tomosynthesis is distinct from computed tomography (CT) in that tomosynthetic volumes are reconstructed from a small number of projections (typically less than 20) and the projection angles are restricted to less than 30 degrees, leading to a nite imaging aperture. In CT, volume images are reconstructed from many projections (typically greater than 1000) and the projection angles are 90 degrees, leading to an in nite imaging aperture.
Direct reconstruction methods for tomosynthesis fail because of the small number of projections and the limited projection angles. Speci cally, reconstructions based on the Radon transformation are unusable because the small number of projections does not lead to a good approximation to the in nite integral in the transformation. Fourier transform based reconstruction methods also fail because an insu cient number of frequency domain samples are acquired.
Since direct reconstruction methods are not applicable, indirect or iterative methods are used. These reconstruction techniques utilize some form of the backprojection algorithm to approximate the imaged volume.
The basic idea of backprojection is to smear each projection through the reconstructed volume along the same direction the projection was acquired. Therefore, for backprojection to accurately reconstruct a volume, the projection imaging geometry must be accurate and known prior to reconstruction. Tuned-aperture computed tomography 8] (TACT) is an indirect reconstruction method that utilizes a set of ducial markers that are visible in each projection image for controlling the backprojection process 6]. The idea of TACT is that the reconstructed volume is viewed as a set of focal planes. An object is in focus when the projections are translated so that the projection of the object is aligned. Other focal planes are computed by translating each projection a percentage of the way to alignment. Objects in focus in a certain focal plane will appear out-of-focus in other focal planes. This out-of-focus attribute causes TACT reconstructed volumes to contain a signi cant amount of blur. To give the reader an appreciation for the amount of blur frequently appearing in a TACT reconstructed volume, the left image of Fig. 1 shows a synthetically generated volumetric data set of a cube containing six ducial markers. Four markers are located on the four corners furtherest from the viewer and the remaining two markers are on the opposite face. Projection images of the synthetic volume were then generated in software with the side containing the four ducials in contact with the detector array. Seven projection images were computed with the volume and detector array stationary. The source followed a linear trajectory about a single coordinate axis and projection images were made for -30, -20, -10, 0, 10, 20, 30 degrees. The center image in Fig. 1 shows the computed projection image when the source was at -30 degrees. Finally, the TACT reconstruction algorithm was applied to the seven projection images, resulting in the volume shown in the right image of Fig. 1 .
Synthetic Cube
Projection TACT Reconstruction To remove some of the blur from a TACT reconstruction, a 2D image restoration procedure has been introduced 7] and implemented. This process is an Expectation-Maximization algorithm that utilizes image information from all focal planes to restore one plane. Furthermore, all focal planes in the volume must be restored leading to an unacceptably long computation time. An alternative approach to blur reduction 9] redistributes the energy of the 3D impulse response function to reconstruct a 3D object via digital ltering. This method operates on a single 2D focal slice and is therefore computationally unacceptable. We view the problem of TACT volume restoration 5] in a traditional deconvolution framework. In this approach, we assume the observed volume is generated from the true volume by convolving that volume with a 3D point spread function (PSF) and additive noise. Speci cally, g(x; y; z) = f (x; y; z) ? h(x; y; z) + (x; y; z); (1) where g(x; y; z) is the observed intensity function, f (x; y; z) is the unknown or actual intensity function, h(x; y; z) is the PSF of the reconstruction process, and (x; y; z) represents additive noise. The 3D PSF of the TACT system is a function of the backprojection process and can be estimated by performing a TACT reconstruction from projections of a small object. In the traditional restoration framework, the problem of determining f (x; y; z) involves a deconvolution operation, which is an ill-posed, inverse problem. Solutions to these types of computations frequently include some form of regularization. We have experimented with regularization and found it di cult to determine an appropriate tolerance value. Furthermore, we found the solution was sensitive to the value of the regularization parameter. This paper presents our preliminary results of using a nonlinear, iterative, restoration algorithm that includes a nonnegativity constraint 2] for removing the volumetric blur inherent in TACT reconstructions. Nonnegativity is appropriate for these types of reconstructions because the true volume is known to contain values of zero and above. Speci cally, we are working with the modi ed residual norm steepest descent (MRNSD) algorithm introduced by Nagy and Strakos 3]. The algorithm enforces nonnegativity constraints at each iteration, and has been demonstrated to converge much more quickly than other similar methods 3, 2] for 2D reconstructions applied to optical imaging problems such as those discussed in 4].
Preliminary Results
We acquired 25 projections of a hand phantom from a circular locus of points. Additionally, we determined a 3D PSF of the backprojection process by simulating the projection geometry as applied to a single point located in the center of the projected volume. The TACT reconstruction was then applied to these point projections resulting in an estimate of the 3D PSF. The left most image of Fig. 2 shows a reconstructed 3D PSF for this example. The TACT volume of the arm phantom was then computed. The center image in Fig. 2 shows a focal plane near the middle of the reconstructed volume. We then restored the TACT volume using a 3D version of the MRNSD algorithm. The slice corresponding to the center image of Fig. 2 through the restored volume data is shown in the right image. It is clear that the 3D MRNSD algorithm has visually enhanced the original tomosynthetic reconstruction. Further tests and analysis of the results will be reported in the full paper.
Summary and Comments
These preliminary results show that in toto 3D image restoration of tomosynthetic volumes is possible using a nonlinear, iterative technique that enforces nonnegativity constraints. Precise knowledge of the PSF allows the MRNSD algorithm to converge rapidly (even without preconditioning 3]) to a stable solution for these reconstructions.
